1 Biological membranes organize their proteins and lipids into nano-and microscale 2 patterns. In the yeast plasma membrane (PM) constituents segregate into a large number 3 of distinct domains. However, if and how this intricate patchwork contributes to 4 biological functions at the PM is still poorly understood. Here, we reveal an elaborate 5 interplay between PM compartmentalization, biochemical function and endocytic 6 turnover. Using the methionine permease Mup1 as model system we demonstrate that 7 this transporter segregates into PM clusters. Clustering requires sphingolipids, the 8 tetraspanner Nce102 and TORC2 signaling. Importantly, we show that during substrate 9 transport, a simple conformational change in Mup1 mediates rapid relocation into a 10 unique disperse network at the PM. Clustered Mup1 is protected from turnover, 11
Introduction 1
The plasma membrane (PM) is an essential barrier, which protects cells from the 2 external environment, orchestrates the exchange of nutrients and metabolites, and 3 serves as a regulatory hub for signaling processes. Lateral segregation of protein and 4 lipid constituents into distinct nano-or microdomains has frequently been observed, 5 and many different models have been proposed to explain the mechanisms for 6 heterogeneous distribution of lipids and proteins within cellular membranes. Prominent 7 examples include the picket-fence model 1 , the lipid-raft hypothesis 2 and hydrophobic 8 mismatch 3 . However, the extent to which lateral segregation depends on and contributes 9 to specific biological functions at the PM is not clear. 10
A systematic study of integral membrane proteins in the budding yeast Saccharomyces 11 cerevisiae has demonstrated segregation of the yeast PM into a patchwork of many 12 coexisting domains 4 . The observed patterns were proposed to arise through weak 13 protein-lipid interactions 5 . In addition, several distinct PM domains have been 14 previously defined. The stable 'Membrane Compartment occupied by (the arginine 15 permease) Can1' (MCC) 6 is associated with so-called eisosomesshort furrow-like 16 invaginations that are stabilized by BAR-domain proteins 7 . The MCC and eisosomes 17 have been proposed to play a role in membrane organization, cell-wall morphogenesis 18 and sphingolipid homeostasis 8 . Several tetraspanner proteins such as Sur7 and Nce102, 19 and amino acid transporters including Can1, are recruited to the MCC, where they are 20 thought to be protected from endocytosis 9 . The network-like Membrane Compartment 21 occupied by Pma1 (MCP), on the other hand, is enriched in the H + -ATPase Pma1, 22
which is essential for pH homeostasis and maintenance of the PM potential. Additional 23 domains have been proposed that contain the sterol transporters Lct3/4 10 , the sensor of 24 cell-wall integrity Wsc1 11 or the Target Of Rapamycin kinase Complex 2 (TORC2) 12 . 25 TORC2 has a wide range of targets, and regulates actin polymerization, endocytosis 26 and sphingolipid synthesis 13 . 27
Yeast cells that are constantly exposed to fluctuating nutrient levels and environmental 28 stimuli. A large set of cell-surface receptors and nutrient transporters inserted in the PM 29 must be therefore by dynamically modulated. Endocytic downregulation of selected 30 proteins is frequently initiated by ubiquitination of cytosolic lysines via the E3 ubiquitin 31 ligase Rsp5 14 , followed by actin-dependent internalization and degradation within 32 lysosomes 15 . To recognize its targets Rsp5 requires arrestin-related trafficking adaptors, 33
including Art1 16 . Mup1 is a high-affinity, methionine (Met)-specific permease that is 34 ubiquitinated and endocytosed via the Art1/Rsp5 complex in response to substrate 35 excess 17 . More specifically, Met transport by Mup1 has been proposed to induce a 36 conformational change that exposes an N-terminal binding site for Art1 18, 19 . However, 37 while necessary for ubiquitination, this binding site is not sufficient for Art1 38 recruitment, implying that an additional Art1 interaction site is present in a separate 39 region of Mup1 18 . While ubiquitin-based turnover of plasma membrane proteins is a 40 widespread and well-studied process, it is not clear if and how lateral segregation 41 impacts on endocytic recycling. 42
In this study we investigated the functional and mechanistic links between PM 43 compartmentalization and membrane protein turnover. Using Mup1 as a model, we 44
show that catalytic activity, ubiquitination and endocytosis of the permease occur 45 within distinct lateral PM domains. In the absence of its substrate Mup1 localizes to 46 distinct clusters at the PM. This clustering depends on a combination of sphingolipids, 47 the tetraspanner Nce102 and TORC2 signaling. Upon Met addition, a conformational 48 switch induces rapid relocalization of Mup1 from the clusters into a disperse network 49 that can be clearly distinguished from other established PM domains. Lateral relocation 50 is accompanied by ubiquitination and endocytic internalization. Importantly, we find 51 that PM clusters provide an environment that protects Mup1 from internalization, while 52 upon relocation, Mup1 actively recruits and re-directs the endocytic machinery. 53
Results

54
Turnover and PM segregation of the methionine permease Mup1 55
To investigate a possible connection between PM compartmentalization and protein 56 turnover, we selected the tightly regulated high-affinity methionine permease Mup1 as 57 a model. Upon Met depletion, Mup1 expression was rapidly induced ( Figure 1A ). The 58 protein then remained upregulated for several hours but increasingly appeared in 59 internal organelles at later time points ( Figure 1A ). To ensure maximal sensitivity for 60
PM localization experiments, we performed all subsequent experiments after 2.5 h of 61 growth in Met-free medium. At this point Mup1 is one of the most abundant proteins 62 at the PM ( Figure 1B ). Substrate addition has been shown to induce ubiquitination of 63
Mup1 near its N-terminus, mediated by the arrestin Art1 and the E3 ligase Rsp5 17 . 64 Accordingly, we found that, under our culture conditions, addition of Met induced rapid 65 ubiquitination and degradation of the permease ( Figure 1C ). Ubiquitination was 66 followed by endocytosis with dose-dependent kinetics. Maximal rates of internalization 67 were observed at Met concentrations exceeding 100 µM ( Figure 1D ). Deletion of art1, 68 truncation of the Mup1 N-terminus (Δ1-52aa = ΔN) or mutation of the ubiquitinated 69 lysine residues 18 (K27 and K28, designated 2KR from now on) -inhibited Mup1 70 ubiquitination ( Figure 1E ) and completely blocked internalization ( Figure 1F ). 71
We had previously reported that integral PM proteins in yeast exhibit rates of lateral 72 mobility that are several orders of magnitude slower than those found in mammalian 73 cells 4 and this was recently confirmed by single molecule tracking experiments 20 . To 74 determine whether Mup1 also followed this pattern, we performed fluorescence 75 recovery after photo bleaching (FRAP) experiments either in the absence or presence 76 of Met. In agreement with our earlier observations, fluorescent Mup1 diffused into the 77 bleached area of the PM only very slowly, with a t1/2 of 5 to 10 min ( Figure 1G ). 78
Mobility was not affected by ubiquitination, as the kinetics of FRAP recovery were not 79 altered by deletion of art1 ( Figure 1G ). Importantly, slow recovery of Mup1 at the PM 80 was partially dependent on the actin cytoskeleton ( Fig. S1A ), indicating a significant 81 contribution of membrane turnover. The combination of rapid but tightly controlled 82 induction and endocytic removal, together with its low lateral mobility, makes Mup1 83 an ideal test protein with which to study the link between lateral PM 84 compartmentalization and membrane turnover. 85
We next analyzed the lateral organization of Mup1-GFP within the PM. Equatorial 86 images already revealed that, in the absence of Met, much of the Mup1-GFP signal at 87 the PM was restricted to defined clusters that strongly colocalized with eisosomes 88 marked by Pil1-RFP ( Figure 2A ). Profiles across the PM indicated that Mup1 was 89 localized further away from the cell center than Pil1. This localization is even better 90 seen by super resolution microscopy 20 and is typical for proteins of the MCC, which 91 likely do not enter the furrows formed by eisosomes 8 . By combining total internal 92 reflection fluorescence microscopy (TIRFM) and 2D deconvolution we confirmed the 93 localization of Mup1 to the MCC, but also found weaker staining in a network-like 94 distribution connecting the patches (see asterisk in the lower plot of Figure 2A ). The 95 network factor, which is equivalent to the variance of the intensity distribution in our 96 deconvolved TIRFM images, confirms the mixed localization pattern for Mup1. 97
Markers that strongly cluster in PM patches such as Sur7, exhibit a low network factor, 98 whereas proteins distributed in network-like patterns such as Pma1 show higher values. 99
For Mup1 an intermediate value was obtained ( Figure 2B ). As expected for an MCC 100 marker, Mup1 completely lost its clustered distribution upon deletion of pil1 ( Figure  101 2B), while its lateral mobility was essentially unchanged ( Figure 1G ). Interestingly, 102
when Met was added to the medium, Mup1 moved out of the MCC patches and its 103 pattern became more diffuse ( Figure 2C , D). However, due to strong signal from 104 endosomes labeled with internalized Mup1, it was difficult to accurately follow the 105 pattern of Mup1 localization for more than 15 min after Met addition ( Figure 2D ). We 106 therefore performed more detailed quantitative analyses using the internalization 107 mutants mentioned above (art1 background, N and 2KR, Figure 1F ). In all three 108 mutants, Mup1-GFP exhibited a clustered distribution under Met starvation, but 109 became much more uniformly distributed after substrate addition ( Figure 2E ). Using an 110 automated algorithm to analyze colocalization in thresholded TIRFM images (Figure 111 S1B), we confirmed Mup1 exit from the MCC upon substrate addition, illustrated by 112 the decreasing colocalization with Pil1 ( Figure 2F ). Importantly, in all three 113 internalization mutants, this relocation was completely reversible upon washout of Met 114 ( Figure 2G ). Our results thus show that, in the absence of its substrate, Mup1 is 115 clustered in the MCC domain. This localization is independent of ubiquitination (art1, 116 2KR) or other N-terminal signals (N). Upon addition of Met, Mup1 rapidly relocates 117 into a network-like domain, becomes ubiquitinated and is subsequently internalized. 118
Cellular regulation of Mup1 clustering 119
To identify cellular factors that control Mup1 clustering at the PM we investigated 120 known regulators of MCC and eisosome integrity. Sphingolipid homeostasis has been 121 shown to influence stability and composition of eisosomes 21-23 . In particular, Slm1 is 122 an eisosome-resident protein that has been shown to dissociate from eisosomes and 123 regulate TORC2 signaling upon inhibition of sphingolipid (SL) synthesis 24 . To test 124
whether SLs also play a role in clustering of Mup1, we treated cells either with myriocin 125 (Myr) that completely blocks SL synthesis or with aureobasidinA A (AbA), which 126 specifically inhibits synthesis of complex SLs. As described previously, Slm1 moved 127 out of MCC patches upon addition of either drug ( Figure 3A, B ). In the absence of Met, 128
Slm1 was still able to relocate upon SL stress, albeit to a lesser degree ( Figure 3A As Slm1 has been implicated in the regulation of the TORC2, we next asked whether 132 TORC signaling is involved in Mup1 clustering. We generated strains in which either 133 TORC1, TORC2, or both could be inhibited by the addition of the drug rapamycin 25 134 (Rap). As expected from its role in protein synthesis and sorting 26 , TORC1 but not 135 TORC2, was found to be required for delivery of Mup1 to the PM ( Figure S2A ). 136
Conversely, and in agreement with the reported function of TORC2 in actin 137 organization and endocytosis 27 , inhibition of TORC2, but not TORC1, blocked 138 internalization of Mup1 ( Figure S2B ). We found that inhibition of TORC2 led to the 139 release of Slm1 from the MCC within 30 min ( Figure 3C , D). Importantly, Mup1 also 140 dissociated from the MCC upon inhibition of TORC2, but not of TORC1 ( Figure 3C AbA treatment had to be maintained for more than 1 h to achieve comparable results. 148
We therefore wanted to test whether TORC2 could also regulate Mup1 segregation 149 through additional factors and tested the localization of other MCC components in our 150 conditions. The tetraspanner protein Nce102 has been shown to support the segregation 151 of several transporters into the MCC 9 and to exit MCC patches upon SL perturbation 28 . 152
In agreement with this report, we found that Nce102 partly moved from MCC patches 153 into a network-like compartment upon treatment with Myr and AbA in rich medium 154 (SC all, Figure S2C , D). Importantly, neither Nce102 nor another MCC-resident 155 tetraspanner, Sur7, showed significant relocation when SL synthesis was blocked in the 156 absence of Met ( Figure S2C , D). When we inhibited TORC2 signaling in cells grown 157 in the absence of Met, we found that Sur7 localization was again unaffected. However, 158
Nce102 was largely lost from the MCC and was dispersed all over the PM ( Figure S2E from an open to a closed conformation. Based on crystal structures of several bacterial 182 APC transporters, Mup1 is expected to adopt a 5+5 fold structure with two inverted 183 repeats of 5 transmembrane domains (TMDs) 30 . Substrate binding in this fold is 184 stabilized by glycine-rich regions within TMDs 1 and 6, and a stack of aromatic side-185 chains within TMDs 3, 6 and 10 19 . We mutated glycine 78 (G78N) in TMD1 and 186 tryptophan 155 (W155A) in TMD3 to test the role of these structural features in Met 187 transport by Mup1. Both residues are conserved among fungal transporters and the 188 glycine also occurs in bacterial homologues ( Figure S3A ). Based on a high-confidence 189 structural homology model ( Figure S3B ), they are expected to extend into the substrate-190 binding pocket. In accordance with that prediction, mutation of the conserved glycine 191 completely inhibited Met uptake, and replacement of the aromatic tryptophan by an 192 alanine residue led to a marked reduction in Met transport ( Figure 4A ). However, while 193 the G78N mutant is resistant to the toxic Met analog selenomethionine (SeMet, Figure  194 should lead to higher Met (or SeMet) accumulation, whereas lack of ubiquitination of 199 the completely inactive G78N variant in the PM would have no effect on sensitivity to 200 SeMet. Note that the reduced Met uptake by Mup1-ΔN ( Figure 4A ) is most probably 201 attributable to its partial retention at the ER, and its correspondingly lower expression 202 at the PM ( Figure 4D , Figure S3C ). In contrast to the endocytosis-deficient mutants 203 introduced above (ΔN, 2KR; see Figure 1F ) , G78Nand to a lesser extent W155A -204 exhibited reduced exit from the MCC region upon Met addition, as measured by an 205 increase in the network factor ( Figure 4F ) and an accompanying reduction of 206 colocalization with Pil1-RFP ( Figure 4G ). These results indicate that the 207 conformational switch associated with substrate transport is required for both lateral 208 relocation and endocytic uptake of Mup1. 209
As substrate binding was not required for Mup1's ability to cluster into the MCC 210 ( Figure 4F ), we turned to an analysis of the cytosolic C-terminus of Mup1. When we 211 removed the C-terminus (ΔC = aa520-end), Mup1's transport activity was largely 212 unchanged ( Figure 4A ), but the protein was no longer ubiquitinated and remained at 213 the PM upon addition of Met ( Figure 4C -E). As expected, this led to hypersensitivity 214 to SeMet ( Figure 4B , Figure S4 ). In addition, while clustering into MCC patches was 215 unaffected (as in the case of the N-terminal truncation mutant), exit from the MCC 216 domain was compromised in cells expressing ΔC ( Figure 4F , G). Complete deletion of 217 both N-and C-terminus did not further exacerbate the phenotype (Figure S3C , D). The 218 C-terminal segment of Mup1 has multiple potential phosphorylation and ubiquitination 219 sites ( Figure S3E ). However, removal of these sites (in mutants Δ543 and Δ565) did 220 not have any noticeable effects on Mup1 function or internalization ( Figure S4 proposed role of the C-plug in facilitating the conformational transition during substrate 241 transport in GadC 31 . Strikingly, we found that the FWRV mutant was no longer able to 242 cluster into the MCC domain in the absence of Met, and was instead distributed in a 243 network-like fashion ( Figure 4F , G). Moreover, addition of Met had only a mild effect 244 on this pattern. This is consistent with the FWRV mutant adopting a closed 245 conformation that is usually occupied only transiently during the substrate transport 246 cycle. In summary, our data support a role for the conformational state of Mup1 in 247 mediating its clustering in the MCC and its rapid lateral relocation upon substrate 248 transport. Our results also suggest a critical role of the C-terminal plug in the 249 conformational switch. 250
Mup1 relocates into a unique dispersed network 251
We have previously shown that the yeast PM consists of a multitude of distinct domains while we confirmed the perfect separation of the MCC and the MCP ( Figure 5A ), we 258 found that even after MCC exit Mup1 clearly segregated from Pma1 ( Figure 5A ). This 259 segregation was as strong as that between the MCC and the MCP ( Figure 5A , right), 260
indicating that Mup1 localizes to a distinct network domain upon MCC exit. As the 261 limited resolution of our TIRFM images does not allow precise definition of the areas 262 covered by particular proteins in the PM, we further characterized the different network 263 domains via 3D structured illumination microscopy (3D-SIM). This approach 264 confirmed mutual segregation of the three domains ( Figure 5B ). 265
To determine whether the spatial segregation into the Mup1 network domain is relevant 266 for its activity, we artificially relocated Mup1 to various domains using the GFP trap 267 system ( Figure 5C ). Strikingly, we found that relocation of Mup1 to the Pma1 domain 268 reduced its biochemical activity ( Figure 5D ). This effect was seen with the WT variant, 269 but was much more striking for the ΔC mutant ( Figure 5D ). Pma1 function was not 270 affected by fusion to the GFP trap ( Figure S5A ). The reduction in Mup1 activity was 271 also not due to a general requirement of the MCC environment, as deletion of pil1 (with 272 concomitant loss of eisosomes) did not reduce Met uptake activity by Mup1 ( Figure  273 S5B). Moreover, forced attachment of Mup1 to Sur7 did not noticeably increase Met 274 uptake ( Figure 5D ). In contrast, the arginine transporter Can1 exhibited increased 275 activity and sensitivity to canavanine (a toxic analog of arginine) when anchored to the 276 MCC ( Figure S5C ). 277
In summary, we found that upon MCC exit Mup1 segregates into a unique network-278 like domain. Of particular interest is the observation that the proton pump Pma1, or the 279 PM environment of the MCP inhibit Mup1 activity. This might be a general effect on 280 proton symporters, as we observed a similar, but even more pronounced effect on 281 canavanine uptake via Can1 ( Figure S5C ). 282
Mup1 clusters are protected from endocytosis 283
The MCC and eisosomal PM region has been proposed to be refractory to endocytosis 9 , 284 although this hypothesis has since been challenged 32 . To test whether accumulation of 285 Mup1 in the MCC hinders its endocytic re-uptakeor simply precludes the prerequisite 286 ubiquitination stepwe artificially fused Mup1 to a single ubiquitin (Ub) moiety 33 . As 287 expected, Mup1-Ub was constitutively localized to the vacuole, even in the absence of 288 its substrate ( Figure 6A ). In contrast, the ΔC mutant, which is defective in MCC exit, 289 was partially retained in clusters at the PM ( Figure 6A ). Importantly, disruption of MCC 290 domains by deletion of pil1 completely abrogated ΔC-Ub retention at the PM (Figure  291 6A). This is consistent with the idea that occupants of MCC domains are protected from 292 endocytosis. As ΔC without fused Ub was retained at the PM in a Δpil1 strain grown 293 with Met, our data also suggest that the C-terminal plug is directly involved in Mup1 294 ubiquitination ( Figure 6B ). As a further test of the effect of the MCC on endocytosis, 295 we attached Mup1 directly to the abundant MCC marker Nce102 ( Figure 1B ) using the 296 GFP trap system. As expected, anchoring of Mup1 to the MCC protected the permease 297 from Met-dependent degradation, and this effect was abolished when pil1 was deleted 298 ( Figure 6C ). Finally, when we followed the effects of endocytic protection in yeast 299 cultures grown for longer periods in the absence of Met, we observed slow 300 internalization of Mup1 at a rate that was significantly enhanced in the absence of pil1 301 ( Figure 6D ). In summary, our data are consistent with a role of the MCC domain in 302 protecting resident proteins from endocytic uptake and degradation. 303
In light of our finding that Mup1 occupies a distinct domain in the PM even after exit 304 from the MCC, we wondered whether endocytosis might be specifically facilitated by 305 this network domain. To test for a preferred association of Mup1 and endocytic sites 306 we colocalized various integral PM markers with the late endocytic marker Abp1-RFP 307 ( Figure 6E ). As expected from the observed protection from turnover in MCC patches, 308 endocytic patches were completely segregated from Pil1 ( Figure 6E ). Indeed, we found 309 that all of the previously described domains clearly segregated from endocytic regions 310 ( Figure 6E ). Interestingly, 15 minutes after Met addition Mup1 or its 2KR variant were 311 significantly less segregated from endocytic regions than all other tested markers 312 ( Figure 6E ). This association was strongly enhanced when endocytic sites were 313 stabilized by addition of low doses of Latrunculin B (LatB, Figure 6E ). Our results thus 314
show that the Mup1 molecules in a specific PM network outside of MCC clusters 315 partially overlap with endocytic sites. Given that Mup1 becomes internalized within 10 316 minutes of relocating from the MCC ( Figure 1D ), this raises the question, whether 317
Mup1 can directly influence distribution of endocytic sites. 318
Mup1 actively redirects endocytic events 319
To test this hypothesis we tracked the late endocytic marker Abp1, together with Mup1, 320 at different time points after Met addition to monitor Mup1 endocytosis. We found no 321 significant colocalization of actin patches with Mup1 in the initial phase of Mup1 322 relocation (not shown). However, within 10 min of Met addition, multiple Abp1 patches 323 assembled on or close to Mup1 clusters ( Figure 7A , Movie S1, asterisks). Importantly, 324 in most of these cases, both markers disappeared or were depleted together ( Figure 7A , 325 line scans shown for two examples). When we blocked internalization of actin patches 326 by treatment with 100 µM LatB, we observed extended colocalization of Abp1 with 327 Mup1 clusters ( Figure 7B ). In addition, upon disassembly of Abp1 patches, the Mup1 328 signal remained unchanged, which is consistent with the observed lack of 329 internalization within 1 h of Met addition (not shown). These results indicate that 330 clusters of ubiquitinated Mup1 can act as instructive signals for the recruitment of 331 endocytic sites. To verify this we quantified the distribution of endocytic patches in 332 polarized yeast cells with small-to medium-sized buds. In these cells, most endocytic 333 events are limited to the bud-region, where all polarized growth occurs. Remarkably, 334 within 2-3 min of Met addition, we observed a large increase in endocytic activity 335 within mother cells, with a coincident decline in buds ( Figure 7C ). This 'de-336 polarization' of endocytosis preceded the observed uptake of Mup1 into cells ( Figure  337 7C, right panel). When we followed this response over an extended period we found 338 that the depolarization reversed within 10 minutes and all endocytic patches returned 339 to the buds within 20-30 min ( Figure 7D ). Importantly, the response was not observed 340 for cells that either did not express any Mup1 or that only expressed the ubiquitination-341 deficient 2KR mutant. Together, our results are consistent with an active role for 342 ubiquitinated Mup1 in driving its own internalization and regulating the subcellular 343 distribution of endocytosis. Importantly, we found that, as a prerequisite to its rapid turnover, Mup1 is also 364 regulated via lateral segregation within the PM. In the absence of its substrate, Mup1 is 365 clustered in the patchy MCC domain, where it is protected from internalization. Upon 366 substrate addition, however, the transporter quickly leaves the MCC and relocates to a 367 defined network-like domain ( Figure 8A ). This relocation does not depend on 368 ubiquitination but is inhibited by mutations that block substrate binding. We also 369 uncovered a critical role for a C-terminal domain of Mup1 in mediating lateral 370 relocation. This domain is similar to one which is predicted to insert into the core of the 371 structurally homologous bacterial transporter GadC 31 . Deletion of the "C-plug" (ΔC) in 372
Mup1 did not interfere with substrate transport, but completely inhibited its lateral 373 relocation, ubiquitination and subsequent internalization. We found that ubiquitination 374 of ΔC was blocked in cells, even when the MCC had been disrupted by depletion of 375 pil1. In addition, a mutant with alterations in the tip of the C-plug (FWRV→AAAA) 376 exhibited strongly reduced function and was no longer able to cluster into the MCC. 377
This mutant was also not susceptible to ubiquitination and exhibited very little 378 substrate-induced internalization. Our results therefore indicate that the C-plug plays a 379 structural role in Art1-mediated ubiquitination of the Mup1 N-terminus and is critical 380 for efficient lateral relocation. Interestingly, a recent study reported a negatively 381 charged region in the membrane-proximal part of the N-terminal tail (residues 40-55) 382 of Mup1 as interaction site for Art1 18 . However, this binding site was not sufficient for 383
Mup1 ubiquitination and a second interaction site was postulated. We propose that the 384 C-plug serves as a linker domain that transmits the conformational change during 385 substrate transport to the cytosolic N-terminal tail, thereby exposing the binding site for 386
Art1. 387
We show here that clustering of Mup1 into MCC patches is regulated by SLs, by the 388 MCC-localized tetraspanner Nce102 and by TORC2 signaling ( Figure 8B ). Our data 389
indicates that a complete blockade of SL synthesis (addition of Myr) or specific 390 inhibition of the production of complex SLs (treatment with AbA) interferes with Mup1 391 clustering. SL synthesis is under control of the central metabolic regulatory kinases 392 TORC1 and TORC2 36 . Strikingly, we found that selective inhibition of TORC2 but not 393 TORC1 abolished clustering of Mup1 in the MCC. In addition to regulating SL levels, 394
we found that TORC2 activity was also required for MCC localization of the 395 tetraspanner protein Nce102, which is even more abundant in MCC patches than the 396 core protein Pil1. Interestingly, Nce102 was not lost from the MCC following treatment 397
with Myr or AbA. This contradicts previous findings 28 In keeping with our previous report on the existence of a multitude of PM domains in 413 yeast 4 , the network-like domain defined by Mup1 after its exit from MCC patches is 414 clearly distinct from the previously defined MCC and MCP domains. We found that 415 forced anchoring of Mup1 to the proton pump Pma1 reduced its catalytic activity. This 416 effect was even more apparent for the ΔC mutant, which lost nearly all its activity upon 417 relocation. For GadC it has been shown that the compact C-plug covers a cleft in the 418 protein core that has many exposed charges 31 . In addition, removal of the C-plug altered 419 the pH sensitivity of the transporter 31 . It is therefore tempting to speculate that the Pma1 420 domain constitutes a physicochemical environment that is harmful for Mup1. Since 421 anchoring of the arginine transporter Can1 to Pma1 also abolishes its transport activity 4 , 422 this effect of the Pma1 compartment appears to be equally valid for other proton 423
symporters. 424
Finally, we found that lateral segregation of Mup1 directly regulates its endocytic 425 turnover. It has previously been shown that endocytosis is excluded from MCC 426 patches 9,32 , and we confirmed that Mup1 is not internalized while attached to the MCC. 427
Importantly, we now show that endocytic internalization preferentially occurs at sites 428 of Mup1 accumulation after substrate-induced relocation from the MCC and 429 ubiquitination. We specifically demonstrate for polarized cells that, within minutes of 430
Met addition, endocytic events are redirected from the bud to the network of Mup1 in 431 mother cells. Our results therefore indicate a dual role for Mup1 segregation: On the 432 one hand the MCC acts as protective site that ensures retention of functional Mup1 at 433 the PM. On the other hand, ubiquitinated Mup1 that exits from the MCC acts as a potent 434 beacon for endocytic adaptor proteins and is therefore able to efficiently compete with 435 the bud-localized signals that drive endocytosis to polarized growth regions. 436
Our study demonstrates for the first time that a transition between different types of 437 lateral domains can regulate protein function and turnover at the plasma membrane. We 438 not only elucidate the mechanism for lateral segregation of the Mup1 permease but also 439 suggest a specific biological function for this process. Lateral segregation is a 440 fundamental property of all biological membranes. It is therefore tempting to speculate 441 that the uncovered interplay between protein segregation and turnover will apply to 442 many other membrane components and cell type. 443
Methods
445
Yeast strains and plasmids 446
All strains created in this study were derived from the Saccharomyces cerevisiae 447 BY4741 Mata strain (Euroscarf). In addition, strains from the UCSF C-terminal GFP-448 fusion collection 37 , and EUROFAN II KO collection 38 were used. Genomic carboxy-449 terminal tagging and gene deletions were performed by direct integration of PCR 450 products as described previously 39 . All mutants based on the Δmup1 strain were 451 generated by replacing the kanMX KO cassette with the required PCR product 452 (Mup1mutant-tag-hphNT1) through in vivo homologous recombination. The PCR 453 product was generated through overlapping PCR using standard methods. The tor1-2 454 mutant was generated by homologous recombination with a 100 bp long 455 oligonucleotide containing the required mutation 40 and selection on plates containing 1 456 µg/ml rapamycin. Plasmids were constructed using standard molecular biology 457 techniques. Transformation into yeast cells was performed using the LiOAc method. 458
All plasmids were sequence-verified. All PCR-derived endogenous integrations were 459 verified via colony-PCR and sequencing. All strains and plasmid used in this study are 460 listed in Table S2 . 461
Yeast culture 462
Unless otherwise stated, all strains were grown overnight in Yeast extract Peptone 463 Dextrose (YPD) media at 30°C with shaking, washed 3x with H2O, diluted to an 464 For two-color TIRFM, incidence angles were adjusted separately for each laser. Mean), GFP intensity distribution (Network factor) and GFP overlap were calculated 498 from TIRFM images using a customized automated script and gui written in MATLAB. 499
Cells were automatically detected from blurred raw images, deconvolved and 500 thresholded using an adaptive filter based on the difference between raw and 501 deconvolved images. Masks were then generated for each separate channel. 502
Calculations were based on combined (AND) masks ( Figure S1 ). Additional filters 503 based on object size and intensity were used to discard false detections. Colocalization 504 between GFP and RFP signals was determined by calculating the linear correlation 505 coefficient (given as Pearson Mean) of the fluorescence within the generated masks. 506
The GFP overlap indicates the fraction of GFP signal within the RFP mask and was 507 used to better characterize co-localization of highly clustered proteins. The Network 508 factor represents the variance of the intensity distribution and was determined for entire 509 cells (no masks) detected in deconvolved images. A low network factor represents 510 highly clustered structures (patches) while higher values correspond to network-like 511 distributions. All images shown were scaled 3x and color-coded using Fiji. TIRFM and 512 equatorial images in Figure 7A -C were processed using the Super-Resolution Radial 513
Fluctuations (SRRF) plugin in Fiji 41 . 514
515
PM expression and endocytosis measurements 516
All measurements are given as ratio between fluorescence intensity at the PM and the 517 cytosol. Intensity values were determined from automatically-detected cells using a 518 customized MATLAB script. Cells expressing no PM fluorescence were quantified 519 manually in Fiji. The PM intensity distribution in Figure 1B was calculated manually 520 for strains taken from the UCSF GFP collection 37 (Table S2 ).The endocytosis assay in 521 Figure 1D was performed at 22°C and the values automatically-determined on 522 completely static cells throughout the experiment using the detected PM and cytosol 523 areas at t = 0 min. 524
Ubiquitination assay and Western blot 525
Strains were initially grown in SC-Met as described under "Yeast Culture". Aliquots of 526 1 ml cells (OD600=1) were then supplemented with 1 mM Met for the indicated time. 527
Cells were centrifuged at 16.000 g for 30 s, the supernatants removed and the pellets 528 quickly transferred to liquid nitrogen to stop ubiquitination. Cell pellets were then 529 suspended in 100 µl of ice-cold protease-inhibitors (2 mM PMSF, 2x complete protease 530 inhibitors, 8 mM EDTA). Next, 50 µl of a 2 M NaOH solution were added, cells 531 incubated for 10 min on ice, 50 µl of a 50% TCA-solution added and cells again 532 incubated for 10 min on ice. Finally, samples were centrifuged for 5 min at 18.000 g 533 (4°C) and the pellets suspended in 50 µl sample buffer 1 (100 mM Tris-HCl pH 6.8; 4 534 mM EDTA; 4% SDS; 20% Glycerol; 0.02% Bromophenol blue and 50 µl sample buffer 535 2 (1 M Tris; 2% β-mercaptoethanol. The temperature was kept at 4°C throughout the 536 entire protein extraction. Samples were loaded and separated using standard SDS 537 (8.17% polyacrylamide / 13.3% glycerol) gel electrophoresis. Proteins were transferred 538 to a nitrocellulose membrane and probed with monoclonal mouse IgG1κ anti-GFP 539 (Roche, #11814460001) and monoclonal anti-GAPDH (abcam, #ab125247). Primary 540 antibodies were detected with peroxidase AffiniPure Goat Anti-Mouse IgG secondary 541 antibodies (Jackson ImmunoResearch Inc., #115-035-003) followed by 542 chemiluminescence detection with Lumi-Light Plus Western Blotting Substrate (Roche). 543
Signals were detected with an advanced fluorescence imager (Intas). 544
Uptake measurements 545
Mup1 transport activity was analyzed by measuring the uptake of 14 C-methionine 546 (specific activity: 1417484 nmoles/cpm, final concentration 40 µM, Perkin-Elmer, 547
Boston, MA) 20, 40, 60 and 80 seconds after start of the reaction. Accumulated counts 548
were measured using a β-counter (LS 6500, Beckman Coulter Inc., Brea, CA) and line-549 fitted to determine the uptake rate (given in nmol/min per mg of total protein). All 550 strains were grown in SC-Met as described under "Yeast culture" prior to the uptake 551 measurement. All R 2 > 0.95. Further details as described in 42 . 552
Growth assays 553
Yeast growth assays were performed on plates in the presence of the toxic methionine 554 analog selenomethionine (SeMet, Sigma-Aldrich) or the toxic arginine-related non-555 proteinogenic amino acid Canavanine (Sigma-Aldrich). Plates were prepared as 556 required in SC all, SC-Met or SC-Arg and the corresponding drug. Cells were grown 557 in SC-Met as described under "Yeast culture" with the exception of final 2.5 h growth 558 on SC-Arg for the canavanine-based assay. Cells were spotted on plates in a 5x dilution 559 series, starting at an OD600 = 0.1. Cells were then grown at 30°C for 3 days (SC all and 560 SC-Arg) and 5 days (SC-Met). Drug concentrations used as indicated in the respective 561
figures. 562
Sequence alignments and tertiary structure prediction 563
Sequence alignments were performed using the open source Clustal Omega (EMBL-564 EBI) software and color-coded as indicated in the respective Figure. Reconstruction was conducted automatically with default settings by the NIS-Elements 594 software. The samples were prepared as for TIRFM imaging. The coverslips were from 595 VWR (No. 1.5) and the immersion oil from Nikon (nd: 1.515). Images represent 596 maximum projections of 9-11 planes. 597
GFP trap system 598
In order to alter the localization of Mup1 we endogenously fused the GFP binder (GB) 599 to the C-terminus of the protein of interest. The GB is a single-chain, high-affinity GFP 600 antibody from camelids 45 that binds its target when both GFP and GB are co-expressed. 601
Statistics 602
Mean values, standard deviations (SD), standard error of the mean (SEM) and numbers 603 of measurements (n) are provided for all quantified results. All quantifications are 604 summarized in Table S1 . Values were always pooled from at least three independent 605 experiments except for Met uptake experiments (more than 2). All replicates are 606 biological replicates. Error bars in graphs are explained in the respective legends. 607
Graphs were prepared in Prism (GraphPad). Significance values in Figure 6E Table S1 . 777 in Table S1 . 794 Table S1 . 813 presence of Met (+, 5 min after addition). Loading control as in Figure 1C .
(F, G) 821
Lateral PM segregation is shown in representative TIRFM images and quantified in 822 terms of the network factor (F) or the degree of colocalization with Pil1-RFP (G). 823
Mutants utilized: wt, wild type Mup1; ΔC, deletion of the segment C-terminal to aa519; 824 W155A and G78N, point mutants; ΔN, deletion of the region N-terminal to aa52; 825 FWRV, mutation of aa534-537 to alanines; 2KR, Mup1 with N-terminal mutations 826 K27R and K28R. All strains refer to Mup1 variants fused to C-terminal GFP. Values 827 are means ± SD, n = 2-4 experiments (A) and n = 50-250 cells (C, F, G). n.d.: not 828 determined. Scale bars: 2 µm. All measured values are listed in Table S1 . 829 Table S1 . 844 Table S1 . 862 Table S1 . 878 Table S1 . 901 Table S1 . All values are listed in Table S1 . 947 Table S1 . 
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